Background: The progression of scrapie is known to be influenced by the amino acid polymorphisms of the host prion protein (PrP) gene. There is no breeding programme for TSE resistance in sheep in Finland, but a scrapie control programme has been in place since 1995. In this study we have analysed PrP genotypes of total of 928 purebred and crossbred sheep together with the data of scrapie survey carried out in Finland during [2002][2003][2004][2005][2006][2007][2008] in order to gain knowledge of the genotype distribution and scrapie prevalence in Finnish sheep.
Results:
The ARQ/ARQ genotype was the most common genotype in all breeds studied. ARR allele frequency was less than 12% in purebred Finnish sheep and in most genotypes heterozygous for ARR, the second allele was ARQ. The VRQ allele was not detected in the Grey race sheep of Kainuu or in the Aland sheep, and it was present in less than 6% of the Finnish Landrace sheep. Leucine was the most prominent amino acid found in codon 141. In addition, one novel prion dimorphisms of Q220L was detected. During the scrapie survey of over 15 000 sheep in [2002] [2003] [2004] [2005] [2006] [2007] [2008] , no classical scrapie cases and only five atypical scrapie cases were detected.
Conclusions:
The results indicate that the Finnish sheep populations have genetically little resistance to classical scrapie, but no classical scrapie was detected during an extensive survey in [2002] [2003] [2004] [2005] [2006] [2007] [2008] . However, five atypical scrapie cases emerged; thus, the disease is present in the Finnish sheep population at a low level.
Background
Scrapie is a transmissible, naturally occurring neurological disease of sheep and goats. It is characterized by a long incubation period and gradual degeneration of the central nervous system, invariably leading to animal's death. A number of clinical signs, e.g. pruritus, weight loss, salivation, nervousness, altered behaviour and ataxia, are associated with the disease. Scrapie has been recognized as a clinical disorder of sheep worldwide for more than 270 years [1, 2] . The assumed aetiological agent of scrapie is a protease-resistant isoform of the host-encoded prion protein (PrP Sc ) [3] . Although scrapie is an infectious disease, certain amino acid polymorphisms in the sheep prion protein (PrP) affect sheep's susceptibility to the disease [4] [5] [6] . Especially valine or alanine at position 136 combined with arginine and glutamine at positions 154 and 171, respectively, are associated to susceptibility to classical scrapie. The greatest risk for both natural and experimental scrapie is associated with genotypes encoding V 136 R 154 Q 171 (VRQ). The second greatest risk is associated with the A 136 R 154 Q 171 (ARQ) homozygous genotype; moreover, it has been indicated that this genotype is associated with increased scrapie susceptibility in breeds where the VRQ allele is rare or absent [6] [7] [8] . The A 136 R 154 R 171 allele (ARR) has generally been shown to slow down the progression of both natural and experimental scrapie in sheep [4, 6, 9] . In addition to polymorphisms at codons 136, 154 and 171 of the prion gene, many other polymorphisms have been described in sheep [10, 11] .
As the result of the increased scrapie surveillance, a number of atypical cases have been identified in many European countries [12] . Genetic susceptibility to atypical scrapie is reported to be associated with different genotypes than in classical scrapie. Atypical cases are generally found in animals carrying the A 136 H 154 Q 171 (AHQ) or ARQ allele, and also sheep with the ARR/ARR genotype has been shown to be infected naturally with atypical scrapie. Moreover, phenylalanine at codon 141 has been associated to atypical scrapie [13] [14] [15] .
The Table 2) .
Of the sheep breeds studied, only two Finnish Landrace was shown to carry F at codon 141 (Tables 1 and 2 ) and three crossbred sheep had the F 141 polymorphism linked with one ARQ haplotype (hereafter AFRQ) ( Table 1 ).
In addition to the L141F polymorphism, some other polymorphisms were detected in the sheep genotyped by sequencing the complete PrP open reading frame during [2002] [2003] . These polymorphisms are presented as a wild type codon mutation e.g. R151C in Table 3 . All sheep either homozygous or heterozygous for the polymorphisms carried at least one ARQ haplotype. Altogether eight dimorphisms out of 410 sheep samples sequenced in full, specifically G89S, M137T, H143R, R151C, R211Q, Q220L, E224K and P241S, were detected. All of them except Q220L have been described before [5, 10, [16] [17] [18] . The most common dimorphisms detected in Finnish Landrace sheep were R151C and E224K with allele frequencies 6.6% and 5.8%, respectively. R151C was also the most common dimorphism detected in Texel sheep (allele frequency 6.6%). The frequency of the dimorphism E224K was relatively high (18.8%) in Grey race sheep of Kainuu. (Table 5 ). All the cases were confirmed as atypical scrapie with SAF immunoblot [19] and/or BioRad TeSeE Western blot test at the time of their occurrence (results not shown). In addition, three of the positive samples were confirmed as atypical scrapie in the Norwegian TSE reference laboratory (National Veterinary Institute, Norway) and one of them was also confirmed in Animal Health and Veterinary Laboratories Agency (AHVLA, Weybridge). Background information and genotypes of the atypical scrapie cases are shown in Table 5 . The annual frequency of atypical scrapie in fallen stock sheep varied between 0 and 0.12%. Amongst healthy sheep, only one case was found in 2006, corresponding to a frequency of 0.04% (Table 4) . None of the atypical scrapie cases were reported to have clinical signs.
Discussion
Sheep husbandry is a minor agricultural industry in Finland. The Finnish sheep population is small and the majority of the animals are old Finnish breeds, the most important of which is Finnish Landrace. In addition, a small proportion of other breeds exist, including Aland sheep, the Grey race sheep of Kainuu and Texel.
Our results provide the first data of PrP genotypes of these main landraces, both purebred and crossbred sheep, together with a small proportion of Texel sheep. The predominant allele in the Finnish breeds was ARQ (69.6-91.7%). ARQ is regarded as a wild type allele; it has also been found at a high frequency in old sheep breeds of Iceland [17, 21, 22] . Like Icelandic sheep and native Austrian mountain sheep races, the Finnish Landrace is well adapted to harsh Nordic climate and aseasonal breeding. In addition, in these old breeds, only a few alleles dominate; we found altogether 13 genotypes in [7, 8, 24] . Our results indicate that Finnish sheep have genetically little resistance to classical scrapie. However, classical scrapie has never been detected in sheep in Finland despite intensive surveys. The likely explanation for this is non-existent or low infection pressure of classical scrapie due to Finland's limited and strict import policy of live sheep intended to prevent the introduction of diseases. Prior to 1995, only a small number of sheep from Denmark and Sweden were imported [25] , and after 1995 only a few sheep have been imported to nine farms. All of the imported sheep after 1995 were from countries where the scrapie control programme is in place. The two farms that imported sheep from countries outside the scrapie programme are under strict control. Our results support the view that development of scrapie requires both susceptible genotype and sheep's exposure to an infecting scrapie strain [8, 26] .
In the intensive active surveillance for scrapie in sheep in Finland during 2002-2008, no classical scrapie was found, but five atypical scrapie cases were detected. It is noteworthy that we detected the first atypical scrapie case by using Prionics Western blot test until it became general knowledge that atypical scrapie is sensitive to the amount of proteinase K used by the method and could thus go unnoticed [20, 27] . Despite the higher concentrations of PrPSc in the cerebellum than in the obex [28] , in three out of five cases the diagnosis was made from the obex, as the cerebellum was not available.
The genotype was obtained from four out of five atypical cases. Atypical scrapie is most often associated to the ARQ allele, and contrary to classical scrapie, to the AHQ and ARR alleles. In addition, sheep with atypical scrapie have often been found to carry phenylalanine (F), instead of leucine (L), at codon 141, usually in ARQ homozygotes [13, 14, 20] . In our study one of the five atypical scrapie sheep had the AFRQ genotype, although the AFRQ allele was rare in the studied sheep population (Tables 1 and 2 ). These results support the association of AFRQ with atypical scrapie. Furthermore, it has been reported that the genotypes of the youngest animals infected with Nor98 atypical scrapie were AFRQ/ AFRQ, AFRQ/ALHQ or ALHQ/ALHQ, whereas atypical scrapie sheep with the ALRQ/ALRQ genotype were clearly older [13] . The Finnish atypical scrapie sheep with the AFRQ genotype was slightly over two years old, the sheep with the ALHQ allele was four years old and the sheep with the ALRQ genotype was nine years old, but because all of them were fallen stock without any known clinical signs it cannot be concluded if the age of the Finnish cases is associated to the onset of atypical scrapie.
In addition to the known atypical scrapie-associated polymorphism L141F, some other previously characterized and novel polymorphisms linked to the ARQ allele were found in the Finnish sheep population. The most frequent polymorphisms present in Finnish Landrace were R151C and E224K (6.6 and 5.8% of sheep studied, respectively), both of which have been described before [17, 18, 29] . Variation in ovine PrP gene is common, but an association of these polymorphisms with scrapie is mostly unknown [11] . However, partial resistance with natural scrapie has been associated to R151C in one flock of Icelandic sheep [17] and to M112T in Japanese Suffolk and Corriedale sheep [30] . The importance of the relatively high frequency of R151C in Finnish Landrace is unknown. The dimorphism of E224K found in Finnish Landrace (5.8%) and Grey race sheep of Kainuu (18.8%) has recently been described in Polish sheep breeds [18] . To our knowledge the study of Piestrzynska-Kajtoch et al. (2012) and this study are the only reports of E224K polymorphism so far. This might suggest that there would be a link between Finnish and Polish sheep, but this is yet to be determined. There has been no import of live sheep from Poland to Finland, but it cannot be excluded that some Finnish landrace sheep might have been exported to Poland from Finland or from other countries.
The epidemiology of atypical scrapie remains incompletely understood. The disease has been experimentally transmitted to ovinized transgenic mice and sheep with the genotype AHQ/AHQ [31, 32] . This indicates that the disease could be transmitted within a flock in natural conditions, although this is yet to be established. It has also been suggested that atypical scrapie could arise spontaneously its being common to find only one atypical case per flock [12, 13, 15] . This suggestion is supported by the finding that atypical scrapie is usually detected throughout the country, and typically only a single positive sheep is identified in an affected flock [12, 28, 33] . All five Finnish atypical cases were single cases in their flock, and no epidemiological connections existed between them. Four out of the five atypical scrapie cases were originally detected in the brainstem which was somewhat surprising because it is generally known that the highest concentration of PrPSc in atypical scrapie is detected in the cerebellum. However, it has been reported that in some cases of atypical scrapie PrPSc deposition can be detected in the obex region of the brainstem [32, 34] . The prevalence of atypical scrapie in Finnish sheep was similar to that in European sheep [12, 15, 33] . The prevalence was slightly lower in the healthy sheep population than in fallen stock animals. This might be due to the mean age of fallen sheep being higher, as the incidence of atypical scrapie has been reported to be higher in older sheep [13, 35] .
Conclusions
Atypical scrapie is present in the Finnish sheep population at a low level. No classical scrapie was detected in the intensive survey conducted in [2002] [2003] [2004] [2005] [2006] [2007] [2008] , although the population has genetically little resistance to classical scrapie.
Methods
Sample collection and DNA purification Sequencing reactions were run on ABI 3700 or ABI 3100-Avant genetic analysers using BigDye Terminator chemistry (Applied Biosystems). The chromatograms were checked manually with the help of programs SeqScape v2.1.1. (Applied Biosystems) or Staden Package [37] using the Suffolk sheep PrP coding region as a reference (GenBank accession no. M31313), and the polymorphisms at codons 136, 141, 154 and 171 were determined.
Brain sampling
Altogether samples from 15 804 sheep were studied for the presence of scrapie during the years 2002-2008. The sheep brain stem was removed with a sampling spoon. Detection of atypical scrapie cases in Europe led to changes in the brain sampling protocol, and hence, since 2004, a second sample containing cerebellum was collected when possible. 
TSE testing

